This paper presents the development and validation of an optimal design methodology for vertical U-tube ground heat exchangers (GHEs) used in HVAC systems. The dimensionless entropy generation number obtained by scaling the entropy generation due to heat transfer and pressure drop, on the ratio of the heat transfer rate to the average fluid temperature of vertical GHEs is employed as the objective function. Five design variables are first selected based on the global sensitivity analysis and then optimized by a genetic algorithm optimization technique. The entropy generation process combines the heat transfer and fluid mechanics with thermodynamic analysis. A case study shows that this optimal design approach can decrease the total system cost (i.e. the upfront cost and 10-year operation cost) by 5.5%, compared with the original design. The entropy generation number (EGN) of the optimal design case is 12.2% less than that of the base design case. From the thermo-economic aspect, decreasing the upfront cost is more important than decreasing the operational cost for the case studied. The results also demonstrate the effectiveness and feasibility of using the entropy generation minimization method for optimal design of vertical GHEs. and fluid mechanics with thermodynamic analysis. A case study shows that this optimal design approach can decrease the total system cost (i.e. the upfront cost and 10-year operation cost) by 5.5%, compared with the original design. The entropy generation number (EGN) of the optimal design case is 12.2% less than that of the base design case. From the thermoeconomic aspect, decreasing the upfront cost is more important than decreasing the operational cost for the case studied. The results also demonstrate the effectiveness and feasibility of using the entropy generation minimization method for optimal design of vertical GHEs.
Introduction
The increasing demand on energy supply, in conjunction with global warming due to the greenhouse gas emissions from the use of fossil fuels, has led to the rapid development of low energy technologies for building heating and cooling applications [1] [2] [3] . Ground source heat pumps (GSHPs) with high energy efficiency and low greenhouse gas emissions have been recognized as one of the most sustainable and environmentally friendly solutions for heating and cooling of both residential and commercial buildings [4] [5] [6] . It is reported that reductions in energy consumption of 30-70% in the heating mode and 20-50% in the cooling mode can be achieved through proper use of GSHPs to replace conventional air-conditioning systems [7] .
GSHPs are gaining market share with an annual increase rate of 10-30% in recent years [8] . In spite of their popularity, high installation cost, installation infrastructure limitations and system design are the main challenges preventing the wide application of GSHP systems in buildings [9] . In particular, the high installation cost makes the short-term economics unattractive [5, 9] .
Over the last two or more decades, significant efforts have been made on the development of GSHPs in building applications and various issues such as system design, component modeling, capacity control, load imbalance and thermal performance optimization have been addressed in various studies. For instance, Garber et al. [10] proposed a methodology to evaluate the financial risk due to the over-size of ground heat exchangers. Zogou and
Stamatelos [11] presented the optimization of the thermal performance of buildings integrated with GSHPs using TRNSYS. It was concluded that detailed simulation can allow better assessment of the effects of control settings and system characteristics. Yu et al. [12] experimentally evaluated a constant temperature and humidity air-conditioning system driven by GSHPs in Shanghai, China. The suggested borehole distance is in the range of 4-5 m.
Pertzborn et al. [13] investigated the impact of weather variations on the design of GSHP systems. A comprehensive review on the design of borehole heat exchangers for GSHPs can be found in [14] . Alavy et al. [15] proposed a new methodology for optimization of the capacity of GSHPs in hybrid systems in terms of the net present value. The results indicated that, in most cases, the GSHPs need to meet around 80% of the total design load of the hybrid system. Robert and Gosselin et al. [16] developed a new design method to determine the optimal borehole number, borehole distance and depth, and the optimal size of heat pumps, based on the total cost minimization method. However, in above two new design studies, the optimization was performed based on the economic aspect, and the thermodynamic performance of the ground heat exchangers (GHEs) was not the main design target.
There are some studies focusing on investigating the thermodynamic performance of GSHP systems in terms of exergy analysis. Hepbsali and Akdemir [17] , for instance, performed a detailed energy and exergy analysis of a GSHP system. The result indicated that detailed exergy analysis is able to provide quantitative information for the proportion of the exergy input that is dissipated in various components, which was important for system optimization. The comprehensive exergy analysis performed by Bi et al. [18] showed that the GHEs normally have minimum exergy efficiency and thermodynamic perfection, indicating great potential of design optimization from the aspect of thermodynamic performance.
In order to facilitate better design of GSHP systems, efforts have also been made on the development of design optimization methods by taking into consideration of thermodynamic perfection. Sayyaadi et al. [19] carried out a multi-objective optimization of GSHP systems for reducing both the cost and exergy destruction associated with the use of GSHPs. Sayyadi and Nejatolahi [20] further performed a thermodynamic and thermo-economic optimization of a cooling tower-assisted GSHP system, in which a genetic algorithm was used as the optimization technique. Min and Lai [21] applied the entropy generation minimization (EGM) method for the design optimization of a vertical GHE. In their study, the analytical expressions were developed to determine both the optimal borehole depth and flow velocity.
The EGM, or thermodynamic optimization, is a method for modelling and optimization of thermodynamic cycles, which has been widely applied to the optimization design of heat exchangers [22, 23] . Minimization of the entropy generation of a system is equivalent to the optimization of its thermodynamic performance. Usually, the application of EGM is referred as entropy generation number (EGN), which is defined by scaling the entropy generation rate on the heat capacity rate [22] .
In this paper, the entropy generation minimization and genetic algorithms are used to formulate an optimal design methodology for vertical U-tube ground heat exchangers (GHEs).
In this methodology, the entropy generation number (EGN) is defined as the objective function, and the infinite line source model is utilized for performance prediction. The global sensitivity analysis is used to determine the non-influential design parameters to reduce the number of decision variables. Genetic algorithm is used as the optimization technique to solve the optimization problem and search for optimal values of major design parameters. An illustrative example is used to validate the effectiveness of the proposed optimal design methodology.
Formulation and development of the optimal design methodology

Outline of the optimal design methodology
The aim of the thermodynamic modelling of vertical U-tube ground heat exchangers is to evaluate and compare the thermal performance of alternative design options. Genetic algorithm (GA) as an optimization tool can provide good solutions with random initialization and has been widely used to solve the optimization problems in engineering and science fields [24, 25] . The algorithm is maintained by a population of parent individuals that represent the latent solutions of a real-world problem. After some generations, the algorithm converges to a best individual, which probably represents the best or nearly optimal solution of the given problem [24, 25] . A GA optimizer is used in this study to search for optimal values of major design parameters. The GA was implemented by using MATLAB Optimization Toolbox [26] .
Objective function and design constraints 2.2.1 Objective function
The major objective of the optimization in this study is to minimize the thermodynamic irreversibility due to the friction fluid flow and heat transfer driven by the finite temperature difference in the vertical GHEs. This will be achieved through identification of the optimal design values of vertical U-tube GHEs which are capable of accomplishing the designed thermal duty with minimum thermodynamic irreversibility. The objective function is denoted by the so-called entropy generation number (EGN) method generated based on the entropy generation rate S gen , and is expressed in equation (1) [22] :
where, N s is the dimensionless entropy generation number, S gen is the entropy generation rate, T f,m is the average fluid temperature of the vertical U-tube GHE, and Q is the heat transfer rate.
The detailed procedure to be used to calculate the entropy generation rate (S gen ) of the vertical U-tube GHEs will be presented in section 3.
Design constraints
Mathematical models used in the optimization process are typically simplified to represent the real process. Both the model mismatch and process disturbance can result in infeasible operation conditions. Hence, defining the constraints of the decision parameters is crucial in helping avoid this potential problem [27] . In this study, the following constraints were applied in the optimization process.
1) Constraints for geometrical parameters: the variation ranges of the geometrical parameters such as the number of boreholes, borehole depth, borehole distance, etc., as shown in Fig. 2 , were determined based on the recommended values of practical engineering projects and summarized in Table 1 [28, 29] .
2) Constraints for heat transfer process: the estimated total length of the vertical GHEs is associated with the possible maximal heat flux. The acceptable range of the maximal heat flux is dependent on the thermal conductivity of the soil on the site [29] . In this study, the acceptable range of the maximal heat flux (30 W/m -130 W/m) recommended by Robert and Gosselin [16] was used.
3) Temperature constraints: the maximum and minimum outlet temperatures from the vertical GHEs in the cooling and heating conditions have a fairly limited range of acceptable values. The practical values of the temperature constraints were normally dependent on the mode of the heat pump used [28] . The minimum entering fluid temperature to the heat pump at the design condition in the heating condition can be determined by Equation (2), while the maximum entering fluid temperature to the heat pump at the design condition in the cooling condition can be determined by Equation (3) [28].
where, T f,2 is the outlet fluid temperature from the vertical U-tube GHE, T s,min is the minimal soil temperature over the year, and T s,max is the maximal soil temperature over the year. The average soil temperature was assumed as 20°C with a temperature variation of 5°C.
Sensitivity analysis
Design of the vertical GHEs depends on a number of parameters such as the borehole depth, borehole numbers, borehole radius, U-tube diameter, etc. All these parameters affect the thermal irreversibility output. Since sensitivity analysis has been widely used to understand the relationships of input parameters on different simulation outputs [30] , a global sensitivity analysis is performed in this study to screen the design parameters with a significant impact on the thermal irreversibility output.
The Sobol' method, which is a variance-based global sensitivity technique, is used in this study. The Sobol' method can test the contribution of each input parameter to the variance of the output [30] . The method can be represented in the form of Equation (4) [31] .
where, Y is the model output, and x 1 , x 2 , …, x k are the input factors. In this study, Y is the dimensionless entropy generation number, and x 1, x 2, …, x k represent the design parameters listed in Table 1 .
The total variance can be determined by Equation (5), which will be used to derive the total sensitivity index in Equation (6) and used as the measurement index in this study [31] .
where, V(Y) is the total variance of the output Y, V i measures the main effect of the parameter x i , V ij and V 1,2,…,k measure the interaction effects between the parameter x i and the other parameters, V -i is the sum of all variance terms that exclude the index i, and S i tot is the total sensitivity index for x i which takes into account all effects including the parameter x i .
The successful use of the Sobol' global sensitivity analysis method is related to the possibility of computing the multi-dimensional integrals. Usually, Monte Carlo method based on the probabilistic interpretation of an integral is used to generate the randomly samples of the parameters within the permissible ranges to compute the Sobol' indices. The samples of the parameters can be generated by matrix and the sensitivity indices are computed based on the scalar products of the defined vectors of the model outputs [31] . The principle of Monte Carlo method and the detailed generation procedures can be found in [31] .
Energy modelling
Heat transfer calculation
There are many methods of simulating the heat transfer process in and around a vertical GHE [8] . Practically, the heat transfer process of a vertical GHE is analyzed in two separated zones. One is the soil/rocks outside the borehole. The other is the zone inside the borehole, including the grout, U-tube pipes and the circulating fluid inside the pipes as shown in Fig. 2 .
The analytical model representing the heat transfer process of the vertical U-tube GHEs used in this study consists of the infinite line source model, and the thermal resistance of boreholes derived from the line-source approximation which is used in the well-known duct ground heat storage model [32] .
The infinite line source model was developed based on Kelvin's line source theory [8] .
The whole borehole is considered as a semi-infinitely long line source in the ground which is regarded as an infinite medium with an initial uniform temperature. This model has been widely utilized in analytical design methods to analyze the heat transfer of GHEs [8] . The model can provide acceptable prediction when the simulation time (τ) is larger than 20r b 2 /ɑ s .
Otherwise, it may result in significant errors [8] . In the vicinity of the borehole, for sufficiently long time scales and constant heat flux, the infinite line source model gives the expression below to determine the borehole wall temperature T b .
where, T s,0 is the undisturbed soil temperature, r b is the borehole radius, q is the heat flux, k s is the soil thermal conductivity, α s is the thermal diffusivity, τ is the simulation time, E 1 (x) is the exponential integral function, N is the borehole number, L b is the borehole depth, ρ s is the soil density, and c s is the specific heat of the soil.
Borehole thermal resistance is an important parameter in the determination of the inlet and outlet fluid temperatures of the vertical GHEs. The borehole thermal resistance driven by the line-source approximation can be determined by Equation (9) [32, 33] . The convective heat transfer coefficient (h f ) is determined by Nusselt number described in Equations (11) and (12) (12) The thermal resistance between the borehole wall and the undisturbed soil layer (R s ) can be derived as Equation (13) and the thermal resistance for multiple boreholes connected in parallel can be determined by Equation (14) [32, 33] .
where, R s and R s,N are the soil thermal resistance for single borehole and multiple boreholes, and B i is the borehole distance.
The temperature difference between the circulated fluid T f and undistributed ground temperature T s,0 for single borehole and multiple boreholes can be expressed in Equation (15) and Equation (16) , respectively.
where, T f is the arithmetic mean circulating fluid temperature, defined in Equation (17).
where, T f,1 and T f,2 are inlet and outlet fluid temperatures of the vertical U-tube GHE.
Pressure drop calculation
The pressure drop ( P) along a single U-tube pipe can be determined by Equation (18) [21].
where, f is the friction factor, m f is the mass flow rate per U-tube pipe. The friction number f is determined by the following well-known correlations [34] . (20) where, Re is the Reynolds number of the pipe flow defined in Equation (21) . ) where, μ is the dynamic viscosity of the fluid.
Entropy generation calculation
Entropy generation is a term used to evaluate the irreversibility losses of a heat exchanger.
The entropy generation rate caused by the finite temperature difference (S gen,∆T ) can be expressed as follows [22] :
where, χ is a dimensionless temperature difference defined by Equation (23) and can be negligible on the thermodynamic temperature scale [22] , T f,m is the average temperature of the fluid expressed in Equation (24) and can be regarded as a convenient representative average fluid bulk temperature in the duct, and ∆T is the temperature difference between the average temperature of the fluid (T f,m ) and the borehole wall (T b ) [22] . (24) caused by the fluid friction and is expressed by Equation (25) . The total entropy generation rate in U tube heat exchangers can be written as Equation (26) where, m f,tot is the total mass flow rate of the system. Equation (26) can be further simplified to derive the analytical expressions for the determination of the optimal total length and optimal flow rate of vertical U-tube GHEs in terms of the entropy generation rate, and more detailed generation process of the total entropy generation rate can be found in [21] .
Case study and test results
Illustrative example
The schematic of the system studied is shown in Fig. 2 , in which a GSHP with the design cooling load of 15 kW is considered and the vertical U-tube heat exchangers are used. It is worthwhile to note that this GSHP system is a part of the hybrid GSHP system implemented in the Sustainable Buildings Research Centre at University of Wollongong, Australia. The hybrid GSHP system consists of an air source heat pump and two identical water-to-water heat pumps to provide heating and cooling necessary to maintain desired indoor thermal comfort.
The two water-to-water heat pumps are connected to a ground loop system, which consists of three vertical borehole heat exchangers and a total of twelve horizontal linear heat exchangers [35] . For simplification of the optimization process, only the vertical borehole heat exchangers are considered in this study. The specifications of the system studied and design conditions are shown in Table 2 .
Results from sensitivity analysis
Based on the design conditions and the ranges of design parameters provided in Table 1 and Table 2 , the global sensitivity analysis is used to assess the relative sensitivity of 11 design parameters (see Table 1 ) on the objective function. As mentioned earlier, the ranges of these parameters are determined based on the practical engineering projects. Through using the extensive Sobol' method with Monte Carlo simulations, the design parameters can be classified into two groups. One is the parameters to be rather insensitive and called low sensitive parameters. In order to reduce the complexity of the GA search space and save computational time, this group of parameters will not be optimized in the entropy generation minimization (EGM)-based global optimization process and the constant values based on good design practices will be assigned for these parameters. The other group of design parameters is sensitive parameters and the changing of these parameters has relative high effects on the dimensionless entropy generation number (EGN). These parameters will be used as the decision variables and are to be optimized in the EGM-based optimization process.
For each design parameters studied, the sensitivity index of the entropy generation number (EGN) of the vertical GHEs with respect to the changes of the design parameters is calculated.
The results from the global sensitivity analysis are summarized in Fig. 3 . It can be observed that the pipe material conductivity (k p ), half shank distance (D) and borehole distance (B) do not have significant effects on the model output of the entropy generation number, and can be considered as low sensitive parameters. These parameters will not be optimized in the EGMbased optimization process. Although the soil thermal conductivity (k s ), grout material thermal conductivity (k b ) and undisturbed soil temperature (T s,0 ) are the three important parameters for the EGN of the vertical U-tube GHEs. However, k s and T s,0 can be determined once the construction site has been chosen. The grout material is normally a mixture of bentonite and S i O 2 sand, and its thermal conductivity is normally around 2.04-2.42 (W/mK) [28] . Therefore, these three parameters are not optimized by the EGM optimization in this study as well. The values of the low sensitive parameters and the construction site related parameters used in this study are summarized in Table 3 , which are the recommendation values from practical engineering projects [28, 29] . The other parameters will be globally optimized by the GA optimizer. Fig. 4 presents the variations of the entropy generation number (EGN) with respect to the change of the five design parameters to be optimized by the EGM-based optimization process while keeping other parameters constant, which was based on the values of the parameters for the base design case provided in Table 4 and the variation ranges of each design parameter presented in Table 1 . Fig. 4a shows the existence of the optimal mass flow rate (m f ) per Utube for minimizing the EGN. From Fig. 4b-4d , it can be found that, with the increase of the borehole number (N), borehole depth (L b ) and pipe outer radius (r o ), the entropy generation number (EGN) decreases. As shown in Fig. 4e , the EGN decreases with the decrease of borehole radius (r b ). The reason is that the thermal performance of the vertical GHEs increases with the increase of the borehole depth (L b ) and pipe outer radius (r o ), and the decrease of borehole radius (r b ) [35] . All the above results indicate that the undesirable thermodynamic irreversibility quantified by the entropy generation number decreases the thermal performance of the vertical U-tube GHE.
Result from the entropy generation minimization (EGM) optimization
For the given example with the design conditions, the selected parameters are globally optimized using genetic algorithm toolbox of MATLAB [26] . According to the ranges of the design variables, an initial random population is generated to carry out the iterative search process. The maximum number of generations used is 100, which was determined based on many trial tests. The normalized geometric selection, arithmetic crossover and adaptive feasible mutation were employed in the GA optimizer. The variances of the fitness function are shown in Fig. 5 . It can be found that the fitness value was basically stable after 50 generations, and reached the optimum when the termination condition is met. After 100 generations, the optimal solution of the vertical GHE optimization design problem is obtained and the results are summarized in Table 4 together with the results of the original design (i.e. base design case). The entropy generation numbers of the base design case and optimal design case are 0.2180 and 0.1913, respectively. Compared to the base design case, a 12.2% reduction in the entropy generation number value can be achieved by using the optimal design values.
Economic analysis
In order to validate the effectiveness of the proposed EGM-based design optimization method for the vertical U-tube GHEs, an economic analysis was performed for the optimal design and base design. The first upfront cost (IC) and operating cost (OC) were determined based on the cost data shown in Table 5 , which was provided by GeoExchange Australia Pty Ltd. The total system cost (TSC) of the 10 years operation of the concerned GSHP systems is used as the performance indictor and expressed in Equation (27) . For ground heat exchangers, the upfront cost can be determined by Equation (28) . For the water-to-water heat pump, the upfront cost can be determined by Equation (29) and the operation cost can be determined by Equation (30) .
where, IC is the upfront cost, OC is the 10 years operation cost, C p is the cost of U-tube per meter, and C b is the drilling and grouting cost of per borehole per meter, L tot is the total borehole length which is calculated by multiplying the borehole number and depth, and L p is the U-tube length within one borehole.
In order to facilitate the economic analysis, a simulation platform representing the real vertical GSHP system shown in Fig. 2 , was developed by using TRNSYS and is illustrated in Fig. 6 . In the simulation platform, the major component models used were the mathematical models provided in the standard TRNSYS library. The key component models used are the water-to-water heat pump model (Type 927), vertical U-tube GHE model (Type 557), and water pump model (Type 110). Fig. 7 shows the heating and cooling loads associated to the vertical GSHP system, which were estimated based on the total building loads simulated in the previous study and the load ratio of the vertical system at the design condition [35] . Based on the estimated building load profiles and Sydney weather conditions illustrated in Fig. 8 , the annual maximum entering water temperature to the water-to-water heat pump and the variation of the annual energy consumption of the GSHP system with the vertical U-tube GHEs in 10 years of operation of the two cases can be estimated and the results are shown in Fig. 9 and Fig. 10 . It is obviously shown that the annual maximum entering water temperature to the water-to-water heat pump in the optimal design case is larger than that in base design case. This is due to that the reduction of the total borehole length (L tot ) results in the increase of the heat flux in the optimal design case. The increase of the heat flux tends to increase the circulating fluid temperature in the vertical U-tube GHEs. The increase of the entering water temperature leads to the increase of the energy consumption of the water-to-water heat pump in the cooling operation condition, which can be derived from Equations (15)- (17).
The results of the economic analysis for the optimal design case and the base design case are summarized in Table 6 . It is clearly shown that the total system cost (i.e. the upfront cost and 10-year operation cost)) for the optimal design case is 5.5% lower than the base design case. However, the operation cost for the optimal design case is 1.67% higher than that of the base design case, while the upfront cost of the optimal design case is 7.2% lower than the base design case. Fig. 11 presents the relationships between the entropy generation number and the economic aspects for the GSHP with vertical U-tube GHEs under different entropy generation numbers. The entropy generation numbers were obtained from the EGM-based optimization process. From Fig. 11 , it can be observed that the operation cost slightly increases, while the total system cost and upfront cost decrease, with the increase of the entropy generation number. From the thermodynamic aspect, the smaller of the entropy generation number, the better the thermal performance of the vertical U-tube GHEs. However, from the economic aspects, it seems that a relatively larger value of the entropy generation number will decrease the upfront cost in the case studied. Therefore, it is necessary to optimize the entropy generation number by taking into account both the thermodynamic and economic aspects when using entropy generation minimization method to design vertical ground heat exchangers.
Conclusion
In this paper, a new method for optimal design of vertical U-tube ground heat exchangers was proposed. The new method was developed based on the entropy generation minimization (EGM) by using genetic algorithms. In this method, the entropy generation number was used as the objective function, and a genetic algorithm optimization technique was applied to solve the optimization problems.
The performance of the proposed new design method was evaluated through a case study.
All major design parameters were categorized into two groups, i.e. low sensitive parameters and high sensitive parameters, through the global sensitivity analysis. The entropy generation minimization (EGM)-based optimization is used to globally optimize the high sensitive parameters, including number of boreholes, borehole depth, outer pipe diameter, borehole radius, and circulating fluid mass flow rate per pipe. The results showed that the total system cost (i.e. the upfront cost and 10-year operation cost) of the system studied with the decision parameters optimized by the EGM optimization was 5.5% lower than that of using the original design parameters. The results also demonstrated the importance of integrating the entropy generation minimization method with economic analysis for optimal design of ground source heat pump systems. Tables   Table 1 Ranges Table 4 Original and optimal design parameters of the vertical U-tube GHEs Total system cost savings (%) -5.5
Figures Fig. 1 Outline of the design optimization methodology. 
